Purpose-Pre-exposure prophylaxis (PrEP) is an effective and safe intervention to prevent HIV transmission in men who have sex with men; current CDC guidelines indicate its use among highrisk adults. Adolescent sexual minority males (ASMM) also have significant HIV risk, but implementation strategies are likely to differ for this population. We aimed to estimate impact and efficiency of PrEP for ASMM in higher-prevalence US settings, using a variety of implementation strategies and assumptions about coverage, adherence, and background prevalence.
IMPLICATIONS AND CONTRIBUTION
This study uses modeling and recent trial data to estimate impact and efficiency for HIV preexposure prophylaxis (PrEP) among adolescent sexual minority males in higher-prevalence US settings under different targeting strategies. We find that PrEP can have a large impact on HIV incidence in this population, with reasonable efficiency.
Pre-exposure prophylaxis (PrEP) with daily oral combined tenofovir/emtricitabine is an effective and safe intervention to prevent human immunodeficiency virus (HIV) infection in adult men who have sex with men (MSM) (1, 2) . Current CDC guidelines indicate use for sexually-active adult MSM at substantial risk for HIV acquisition, based on recent patterns of anal sex, monogamy, condom use, partner HIV status, and STI diagnosis, or who have injected drugs and shared needles (3) . PrEP initiation requires a prescription; current CDC guidelines for ongoing PrEP users promote quarterly HIV tests, 6-monthly sexually transmitted infection (STI) tests, and screening for various side effects at both intervals.
Adolescent sexual minority males (ASMM)-ie, males under 18 who identify as gay or bisexual, or are sexually active with other males-have significant HIV risk. For instance, sexually-debuted high-school ASMM report higher frequencies of multiple risk behaviors than do sexually-debuted high-school adolescent males with only female partners, including prevalence of 4+ lifetime partners (33.4% vs. 25 .4%), condomless last sex (48.6% vs. 37 .9%), and use of drugs/alcohol at last sex (32.2% vs. 24 .1%) (4) . Although surveillancebased HIV incidence measures are not available for ASMM (5) , measures of new diagnoses illuminate the high HIV risk that ASMM experience nationally. The Centers for Disease Control and Prevention (CDC) estimated that in 2015, 13-24-year-old adolescents and young adults comprised 22% of all new US HIV diagnoses, and 81% of the adolescent/ young adult diagnoses were in ASMM, for a total of 7,159 of 39,920 diagnoses (6) . Nineteen percent of ASMM diagnoses occurred by age 19 and it remains unknown what proportion of all ASMM diagnoses reflect infections that occurred before 18. Per total population-based rates for 13-24-year-old MSM illustrate this group to have consistently the second-highest diagnosis rates among MSM, but stable diagnosis rates since 2010 (7) . In the absence of surveillance-based incidence estimates and ASMM-specific denominators for estimating most-relevant rates (8) , research studies have provided critical insights into the HIV burden among ASMM. HIV incidence among 16-17-year-old Chicago ASMM has been estimated at 5.2/100 person-years, and prevalence among 16-20-year-olds at 7.6% (9) . Studies of adult MSM find HIV in the youngest participants, implying substantial risk in adolescents; e.g., HIV prevalence estimates among [18] [19] [20] [21] [22] year-old MSM from three rounds of the National HIV Behavioral Surveillance system were 11-14% (10). The InvolveMENt cohort (Atlanta) estimated 7.0% HIV prevalence among [18] [19] year-olds (11) , and the P18 cohort (New York City) reported HIV incidence of 2.9/100 person-years in MSM of the same ages (12) . These population-specific estimates of HIV incidence are over 200-fold those seen in the general US population (5) .
Initial PrEP trials and demonstration projects for MSM included only adults aged 18+ (1, 2, 13) . Given the lack of adolescent-specific efficacy and safety data, current FDA indications only include adults, and CDC's clinical practice guidelines currently recommend that the risks and benefits of PrEP for adolescents be weighed carefully "in the context of local laws and regulations about autonomy in health care decision-making by minors" (3). One safety and feasibility study of PrEP in ASMM in the US aged 15-17 (ATN 113) was recently completed. Averaged across measured time points, high adherence (≥4 doses/week) in ATN 113 (41.6%) was lower than in a recent demonstration project with adult MSM (61.9%) (13) (14) (15) . ATN 113 showed a high incidence rate (6.41 infections/100 person-years), higher than the 3.29 infections/100 person-years observed in its [18] [19] [20] [21] [22] year old MSM counterpart ATN 110 (16) , although all infections in ATN 113 were among those whose drug levels indicated poor-to-no adherence. These results highlight the need for targeted research in adolescents to understand the impact PrEP may have on HIV incidence, and the unique challenges for ASMM in uptake, adherence, and defining and accessing target populations. Since risk behaviors evolve rapidly during adolescence, this could be a uniquely valuable time to get ASMM on PrEP surrounding specific high-risk behaviors, establishing early a norm of sexual health protection.
A broad definition of ASMM includes adolescents who either identify as gay/bisexual or have a history of sex with males; one key decision for future PrEP guidelines among ASMM, then, is whether to target adolescent populations based on sexual identity or reported risk behaviors. Overall impact (ie, cases averted) and efficiency (ie, number needed to treat) may depend on targeting strategy and the existing distribution of sexual risk. However, methods for identifying ASMM must recognize that they may be in early stages of sexual identity formation and may not self-identify as ASMM, nor disclose identity or risk behaviors to clinicians or counselors; moreover, not all providers for adolescents are prepared to elucidate this information.
In this study, we developed an agent-based network model of HIV transmission among ASMM to inform future guidelines and studies of PrEP interventions in adolescents. We modeled an open cohort of 13-18-year-old ASMM, and considered different targeting strategies, adherence and coverage levels, and baseline prevalence levels. We estimated the impact and efficiency of each strategy, and we interpret these results in the context of each strategy's feasibility within different settings.
METHODS
We developed a stochastic, dynamic model built in the EpiModel software platform (www.epimodel.org) based on separable-temporal exponential-family random graph models (17) . This general statistical model class specifies the probability each pair forms or breaks a relationship at each timestep in ways that allow users to preserve arbitrarily complex dataderived features of network structure. As with our previous adult MSM model (14) , we modeled relationship formation and dissolution; sexual behavior within relationships (anal sex acts, condom use, role selection); HIV testing; HIV treatment initiation, adherence and cessation; PrEP initiation and adherence; transmission; intra-host viral dynamics; and agent demographic change. We restructured some components, and re-parametrized most, to fit ASMM; full details are in the online supplement. Code is available at https://github.com/ statnet/ASMMPrep. Briefly, males could enter our population at any age 13-18, with entry defined as either developing gay or bisexual identity or initiating willingness for sexual activity with another male. Those in the latter category immediately became eligible to enter into sexual relationships; those in the former had a constant probability of doing so thereafter. Actual sexual initiation occurred stochastically some time thereafter. We modeled relationships between two ASMM as a function of individual relational propensities and sexual role preferences, conditional on both having achieved eligibility. Relational propensities were calculated to capture observed variation in partner count, using both explicit (age) and latent categories. We included 18-year-olds given programmatic interest in reaching the schoolaged population.
We included an additional constant hazard of infection from MSM above the modeled age range. This probability increased with age and varied with individual relational propensity. We derived an initial estimate (subsequently altered; see below) for the infection risk per
week from older MSM for 18-year-olds based on partner age data reported by [19] [20] [21] [22] [23] [24] [25] yearolds (18) .
Sexual behavior parameters were drawn from multiple sources (19) (20) (21) and new analyses of the American Men's Internet Survey (22) , InvolveMENt Study (23), and MAN Project (24), with cross-validation when possible. Because this involved only secondary use of existing de-identified data sets, it was deemed exempt from review by the University of Washington Institutional Review Board. We calibrated our model to 7% HIV prevalence among 18-yearold ASMM, based on one Atlanta study (11); we then compared resulting incidence estimates against others from New York and Chicago (9, 12) . We chose the first of these as our calibration measure since prevalence is a more stable metric than incidence in the short term, and because some of our behavioral parameters were derived from Atlanta data. We varied two inputs-frequency of anal intercourse (AI) within ongoing relationships between two ASMM, and weekly probability of HIV infection from non-ASMM partners-for which source data were particularly old or subject to desirability bias. Following recent practice in epidemic modeling (25) , we used approximate Bayesian computation (26) to accept a subset of estimates and calculate final parameter values. The final set of parameters that is fixed across all scenarios is compiled into two tables in Section 3 of the supplement.
PrEP Scenarios
Our first intervention model (16+/6 mos.; see Table 1 ) considered PrEP for ASMM aged 16-18 who had initiated AI, with an average 6-month delay between having indications and initiating PrEP, reflecting the average interval expected when sexual debut occurs between annual healthcare visits. We considered this a reasonably feasible strategy, as it focused on older ASMM, did not require provider elucidation of extensive sexual behavior, and included initiation delay. In this, and all modeled scenarios, individuals could terminate PrEP while still indicated, given the high discontinuation rate in ATN 113 preliminary data (15) . We then modeled more expansive strategies allowing for immediate initiation (16+/ immed.), inclusion of younger ASMM (13+/6 mos.), or both (13+/immed.). The 13+/pre-AI scenario modeled PrEP initiation occurring prior to AI initiation, when ASMM first begin seeking sexual partnerships.
We next considered strategies to focus PrEP among those reporting the greatest risk, measured as frequency of condomless AI (CAI) with other ASMM (≥5 or ≥10 CAI acts in last 6 months), each for the age groups 16-18 (16+/CAI5 and 16+/CAI10) and 13-18 (13+/ CAI5 and 13+/CAI10). This requires greater provider elucidation of sexual history, but was expected to increase intervention efficiency.
For all nine base scenarios, we modeled 40% coverage to match our published adult model: at any time, 40% of those meeting relevant criteria were enrolled in PrEP. Our baseline cohort adherence profile reflects the means across all measured time points (4-48 weeks) in preliminary ATN 113 data (15); 20.9% had no measureable adherence, 24.4% had low (corresponding to < 2 pills per week), 13.1% had medium (2-3 pills), and, 41.6% had high (4+ pills). Relative risk reduction values for transmission by adherence level were 0%, 31%, 81%, and 95%, respectively (14, 27) . The weighted average of effectiveness across levels implies that the average ASMM currently prescribed PrEP would receive a direct 58% reduction in per-act acquisition risk. We modeled PrEP termination such that 50% of initiators had terminated by 48 weeks (15) ; these could re-initiate if still indicated.
We conducted sensitivity analyses on coverage and adherence, varying both individually and jointly on the 16+/6 mos. scenario. We considered coverage values of 20-60%, and optimistic and pessimistic adherence patterns derived from the first and last follow-up visits in ATN 113. We conducted a separate sensitivity analysis on background HIV prevalence, lowering it by approximately one-half and two-thirds with two scenarios (16+/6 mos. and 16+/CAI10).
Simulations and Analysis
Scenarios were conducted on populations of size 10,000 for 10 years. Although no individuals remained in the modeled population for this duration, sexual contacts between successive cohorts allowed incidence to potentially continue changing over this period. We calculated five outcomes for each scenario: HIV incidence; HIV prevalence; the number of infections averted (NIA) and percent of infections averted (PIA) relative to no PrEP; and the number of person-years on PrEP per infection averted (NNT, number needed to treat). We present two prevalence metrics: prevalence among 18-year olds (the metric to which we calibrated our model, as described in the Methods, and also an approximation for cumulative incidence through age 18 given low adolescent mortality), and across all 13-18 year-old ASMM.
Incidence is measured across the final year of the simulation, while NIA and PIA account for cumulative incidence across the 10-year time-series. NNT equals person-time on PrEP divided by NIA. We present means and 95% credible intervals (CI; middle 95% of simulated data) for each outcome across 100 simulations. Table 2 lists results for all scenarios, and Figure 1 highlights two key metrics (PIA and NNT) for our nine main scenarios. Our base scenario (ages 16-18, PrEP initiation 6 months after AI initiation, 40% coverage, moderate adherence profile) reduced prevalence among 18-year-olds from 7.5% to 5.5% (Figure 2a ) over 10 years, and prevented 27.8% of infections (95% CI 22.3-33.3%). This required 38 person-years on PrEP per infection averted. The incidence reduction equilibrated quickly (Figure 2b ), beginning at 15% and reaching nearly 25% in less than 2 years. This accumulation suggests strong indirect effects (ie, secondary cases averted), even when measured across a relatively short portion of the lifespan.
RESULTS
Moving PrEP initiation forward to immediately after first AI (16+/immed.) has only a minor effect on both PIA and NNT. Reducing the lower limit for indication to age 13 (13+/6 mos., 13+/immed.) increases PIA more substantially (37.8% for initiation 6 months after AI, 42.1% for immediate initiation) but at the cost of higher NNT (40 and 41, respectively). Enrolling adolescents prior to their first AI experience rather than after had a marginal effect on PIA (42.1% to 42.8%).
Scenarios in which PrEP was concentrated among the highest-risk ASMM were all more efficient than their more generalized counterparts. For instance, in comparing 16+/immed. to 16+/CAI10 (ie with ≥10 CAI acts in the last 6 months), PIA declines from 30.1% to 28.1%, but NNT also declines (efficiency increases), from 38 to 35. The two scenarios focusing on 16-18 year-olds with high numbers of recent CAI (5 or 10) achieve the maximum efficiency observed. Dropping indication age but continuing to focus on CAI counts increases both PIA (to 39.4% and 40.4%) and NNT (36 and 37) again. lower levels of coverage but decreases slightly at higher levels. The more optimistic adherence pattern is able to increase PIA by roughly 3-9 percentage points across adherence levels, and reduce NNT by 6-8. Lower adherence operates in the opposite direction, but with a larger effect (on average 4-11 percentage points fewer infections averted relative to moderate adherence, increase in NNT always >12). The most optimistic scenario of allhigh (60%) coverage and high adherence-prevents just under half (47.2%) of new infections among ASMM.
In settings where background prevalence is lower than our main model, PIA declines slightly to moderately. Measured in absolute numbers of infections averted (NIA), effectiveness declines much more. NNT increases dramatically, to 85 and 75 (in moderate-prevalence settings with broad targeting and risk-based targeting, respectively), or 141 and 125 (for the same scenarios in lower-prevalence settings).
DISCUSSION
Our models suggest that PrEP has the potential to reduce HIV incidence significantly among adolescent sexual minority males (ASMM), with intervention efficiency for a generalized ASMM targeting strategy in higher-prevalence settings being less than twice that for highly targeted adult MSM interventions (14) . Coverage strongly affects impact over the range examined, but has little effect on efficiency. Focusing on ASMM with the highest sexual risk behaviors decreases NNT, with the added challenge of ascertaining elements of sexual history beyond sexual identity. year-olds has more efficiency than 13-18, and likely has higher feasibility and acceptability, especially in jurisdictions with an age of consent of 16 or with close-in-age exemptions that cover this age range (28, 29) . A mean 6month delay in initiating PrEP after debut affects results marginally relative to immediate initiation, so a system of annual evaluations should represent a good balance of effectiveness and feasibility.
The impact and efficiency of our modeled interventions are directly dependent on current HIV burden, which varies across communities; higher burden makes PrEP much more efficient, and more effective in terms of absolute number of infections averted. Our main model was calibrated to 7% prevalence among 18-year-olds, an estimate derived from one Atlanta study and supported by additional studies of young adults in other large urban settings. In these calibrated simulations, the HIV prevalence seen among ASMM overall (13-18 years old) was 3.2%, with an incidence of 2.3/100 person-years among sexuallyinitiated ASMM. The latter figure is lower than studies in Chicago and New York (9, 12) ; settings like these might experience higher efficiency than we estimate. In contrast, the many communities with ASMM incidence or prevalence lower than our model would see less impact and efficiency. Although we did not conduct a cost-effectiveness analysis, we can expect that cost-effectiveness will generally parallel efficiency. Our results provide a guide for jurisdictions to weigh their own estimates of ASMM HIV incidence or prevalence with their tolerance for levels of intervention impact and efficiency, in determining the value of ASMM PrEP scale-up, ideally within a cost-effectiveness analysis. Our results may also add further impetus for the FDA to evaluate PrEP indication for adolescents, a vital step in achieving levels of coverage that could, like those modeled in this paper, make a significant impact on the epidemic.
The little data on potential PrEP adherence among ASMM comes from the ATN 113 trial, where it was lower than among adults, tapering off after 12 weeks when the study switched from monthly to quarterly visits (15) . Our results suggest that lower adherence profiles may still yield considerable impact, so that if monthly visits are infeasible, ASMM PrEP may still be worth pursuing. However, these do not represent the full range over which adherence might vary in clinical practice, and may be high since the trial involved extensive counseling. More studies of adherence among ASMM will be needed, as will close monitoring in any ASMM demonstration trial. Increasing adherence among adolescent ASMM will help improve the efficiency and effectiveness of PrEP, and a large literature reveals the unique challenges of doing so in this population (30) (31) (32) . Potential approaches include adapting strategies common to adherence efforts in general, including pill boxes, automated reminders, and case management. In addition, NIH is currently supporting the evaluation of several youth-specific PrEP adherence interventions, including a theoreticallybased mobile app and an adaptation of the LifeSteps intervention (33), both being evaluated through the Adolescent Trials Network (30) (31) (32) . In the longer term, the adherence landscape may change dramatically if long-lasting injectable PrEP advances through trials to market (34) .
Our study includes numerous limitations, including the fact that some parameters were based on relatively uncertain estimates. Two in particular (AI frequency within relationships and risk of HIV acquisition from older partners) were based on data that were either old or subject to strong desirability bias. Because our baseline model yielded low prevalence, we used these as uncertainty parameters. However, the mismatch between the observed HIV prevalence to which we calibrated (11) and that first predicted by our model may result from other forms of misspecification.
Our model assumed no risk compensation after PrEP initiation, since early reports from adult MSM found little evidence (13, 27) . While preliminary ATN 113 results do not mention risk compensation directly, STI incidence declined over the study, suggesting little evidence of risk compensation (15) . However, recent reports find risk compensation in adults (35) (36) (37) , and any PrEP roll-out among adolescents would need to monitor closely for similar evidence.
Our model does not disaggregate risk or impact by race, despite large racial disparities in HIV among young MSM in the US. Targeting of PrEP within ASMM communities with the highest HIV burden may help reduce these large disparities; work on this extension is in progress. We also did not track ASMM beyond age 18, and thus miss multiple later-life effects of PrEP, meaning we cannot assess the impact of adolescent PrEP on the overall epidemic. Considering the full lifecourse could increase PrEP's estimated impact and efficiency in two ways. First, it allows reduced HIV prevalence among men recently aged out of the ASMM population to reduce risk to ASMM through reductions in prevalence among partners. Second, adolescent engagement with PrEP may set a lifelong norm for MSM, leading to both higher lifelong retention and adherence. On the other hand, considering the full lifecourse could reduce our estimates of impact and efficacy, since it might reveal that adolescent PrEP does not avert infections so much as postpone them. Such postponement, however, has the potential to avert additional secondary infections. Measuring the complete impact of PrEP for ASMM on HIV burden, whether for ASMM or for all MSM, thus requires a combined model for both communities that tracks ASMM across the lifecourse. We are currently conducting this work.
A growing body of evidence, including this model, indicates that over a range of coverage levels and with anticipated adherence and appropriate targeting, PrEP has the potential to substantially decrease HIV burden among adolescent sexual minority males, an underserved and at-risk population. Our work suggests optimal settings for PrEP outreach and delivery for ASMM. In higher-prevalence settings, an approach in which adolescent males are asked by a provider about their sexual identity on three occasions (once a year from ages [16] [17] [18] would provide information necessary for PrEP targeting that yields reasonable efficiency. One additional question about recent sexual activity could increase efficiency further, especially in lower-prevalence settings. In all cases, achieving reasonable uptake and retention will be key to intervention success. Making ASMM PrEP scalable will require strong buy-in from pediatricians or other providers, accompanied by strong training and support, as well as structural changes to expressly allow for minors to consent to PrEP. These will all likely be easier to achieve in higher-prevalence settings (28) . More information on HIV burden among ASMM by jurisdiction, and more dissemination of that information, may increase PrEP willingness among both providers and ASMM (38, 39) . All of these represent logistical challenges, although experiences from parallel endeavors (e.g. contraception for adolescents) will likely assist (40) . Tackling these challenges could make a substantial impact in the large and often underappreciated HIV burden among US adolescent sexual minority males.
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